Climate change mitigation policies have usually considered forest-based actions as cheap and fast options to reduce CO 2 concentration in the atmosphere and slow down global warming. Most economic analyses, however, have ignored the effects of these actions on land surface albedo and the resulting cooling effect.
Introduction
Mitigating climate change requires action in all sectors of the economy. The forestry sector has a significant potential to contribute to climate change mitigation by decreasing GHGs in the atmosphere and reducing the increase in global average temperature. Numerous studies have suggested that forest-based actions, such as slowing down deforestation rate, reforestation, changing forest management, and lengthening rotations, are low cost climate change mitigation options (e.g., Plantinga et al. 1999; Sohngen and Mendelsohn 2003; Kindermann et al., 2008) . More recently, the studies reviewed by the IPCC AR5 estimate that the forestry sector could capture from 0.2 to 13.8 GtCO2eq/yr at carbon prices up to $100 /tCO2eq (Smith et al. 2014 ).
However, changing forest management practices also affects the surface energy budget and thus feedback to climate by regulating the biophysical properties such as albedo. Some argued that reduction in albedo due to reforestation could increase the solar radiative energy absorbed by Earth's surface and thus has a potential to offset much of the carbon storage benefit provided by forests (Betts, 2000; Gibbard et al. 2005; Bala et al. 2007 ; Bonan et al. 2008; Kirschbaum et al. 2011) . The magnitude and sign of albedo change from land conversion to forests, however, depend on many factors, such as snow extent and pre-conversion land cover type, which vary from region to region.
Given widespread interest among policy makers to use forests to offset world's emissions, it is important to assess the net benefits of forest management on climate mitigation and the extent to which albedo alters the costs of forest mitigation. How much do changes in surface albedo affect the cost of traditional forest mitigation policy? Is there a policy approach to include albedo in forest-based mitigation strategies? A dynamic and global assessment is critical for answering these questions because it captures both the significant variation of carbon benefits and albedo changes across different regions, forest species and age structures, and the interactions across regions through the timber market.
A dynamic analysis is crucial for two reasons. First, carbon prices are expected to rise over time (e.g., Nordhaus, 2010) , and forestry actions will become cost effective and be implemented at different times as prices rise. Including albedo in the pricing system will alter the time path of adoption of forestry practices, and will have differential effects by region. Second, albedo varies with forest stand age, for example, mature forests usually absorb more energy than young forest, increasing the warming effect (Sjolie et al. 2013; Lutz and Howarth 2014; Mykleby et al. 2017) . Given that forest management for timber and carbon depends on decisions that are based on stand age, it will be important to account for the influence of albedo dynamics on forest management. For instance, traditional studies that ignore albedo suggest that carbon payments increase rotation ages (e.g., van Kooten et al., 1995 and Mendelsohn, 2003) , but rotation ages are found to be reduced when albedo is included (Thompson et al. 2009; Sjolie et al. 2013; Lutz and Howarth, 2014; Lutz et al. 2016) .
For this analysis, it is necessary to use a global model like the Global Timber Model (GTM) (Sohngen et al. 1999 ) to account for the market interactions across regions through market changes in timber supply and prices, when measuring costs. For instance, meeting stringent policy solutions such as a 2°C temperature limitation will require significant global effort, likely including forest carbon sequestration, but shifts in land use can have implications for timber prices and land prices beyond the region in which forest mitigation increases.
The regional disaggregation of GTM allows us to take into account the regional differences in carbon sequestration potential and changes in albedo from land conversion to forests. Economic studies have suggested that the costs of carbon sequestration, ignoring albedo, vary substantially from region to region depending on land values, forest productivity, and other factors (e.g., Sohngen and Mendelsohn, 2003; Stokes and Richards, 2004) . Studies examining albedo have similarly shown that albedo differs across the globe (e.g. Betts, 2000; Gibbard et al. 2005; Bala et al. 2007; Bonan et al. 2008; Kirschbaum et al. 2011 ). For example, larger areas of boreal and temperate forests are likely to have much lower surface albedo due to the snow masking effects of canopy than cropland or bareland, resulting in a warming effect. These effects on the marginal costs of forest mitigation can be reconciled with a modeling approach that accounts for many species, and the market mediated responses.
This study aims to assess the costs of using forests for climate mitigation, considering the effects from carbon sequestration, albedo change converted in carbon equivalent (C-eq), and timber production, in a dynamic and integrated global analysis framework. We incorporate the albedo of dominant forests and croplands for each world region from the MODIS satellite observations in the dynamic optimization model of global forests GTM.
To estimate the effect of albedo on the marginal costs of forest mitigation, we simulate a traditional forest sequestration policy where only forest carbon sequestration is valued at the carbon price (Traditional Policy) and a novel policy approach where both carbon sequestration and changes in albedo are valued at the carbon price (Integrative Policy). The two policy scenarios are then compared with a No Policy scenario where no climate mitigation policy exists.
Methods
For the study we use the Global Timber Model (GTM) (Sohngen et al. 1999) . GTM is a dynamic intertemporal optimization model that manages forests by maximizing the net present value of consumer and producer surplus in timber markets. It is an optimal control problem given the aggregate demand function, starting stock, costs, and growth functions of forest stocks. It endogenously solves for timber prices and the global supply of timber and optimizes the harvest of each age class, management intensity, and the area of forestland at each moment in time. The model contains 200 forest types in 16 regions that interacts through the global timber market. GTM is forward looking with complete information.
The model captures mitigation potential of the forestry sector through public policy efforts to value carbon sequestration without albedo (Traditional Policy) and with albedo (Integrative Policy). As in Sohngen and Mendelsohn (2003), we use a rental scheme whereby carbon stocks in forests net of C-eq albedo are rented during the time period that the carbon is stored and carbon transferred to long-lived wood products is paid the carbon price P c at harvest time together with its corresponding quality band, is selected to compute the statistics of good quality pixels.
Within each political region, we calculated mature forest albedo of dominant forest types as well as the albedo of the cropland or bare land. The maturity of each forest pixel is determined by the Percent Tree Cover band from MOD44B Version 051 Terra VCF product (Hansen et al., 2003) , following the rule that if the proportion of trees within one pixel of forests is higher than 75% of all the forest pixels across the region, then the pixel would be identified as a mature forest pixel. By averaging the yearly MODIS VCF data from 2010 to 2015, a tree percentage mask is synthesized at a resolution of 250-m.
Based on the albedo time series from 2010 to 2016, for each Julian day of the day, the 7-year average albedo value is calculated for each land cover type. The annual average albedo of each land cover type is then calculated as an average weighted by the incoming shortwave radiation in each month. We used the monthly incoming solar radiation, the 1°*1° surface Energy Balanced and Filled (EBAF) data from 01/2010 to 08/2016, from NASA CERES (the Clouds and the Earth's Radiant Energy System) science team, to calculate the 7-year average monthly surface clear-sky shortwave solar radiation for each study region. The albedo change from cropland to mature forest is then combined with the incoming solar radiation climatology to calculate the radiative forcing at the surface.
We then estimated the equivalent change in terrestrial carbon stock that would result in the similar amount of the radiative forcing Δr net due to albedo change from cropland to mature forest transition (Zhao and Jackson, 2014) following the method described in Caiazzo et al. (2014) and Myklby et al. (2017) .
To account for the changes in albedo as a function of forest maturity (Sjolie et al. 2013; Lutz and Howarth 2014; Mykleby et al. 2017) , we assume that carbon-equivalent measure for albedo induced forcing is proportional to the timber volume. Using the albedo estimates and volume information of each regional mature forest, we estimate the conversion factor from timber volume into carbon-equivalent albedo. Further details on the method are given in the online supplementary materials.
The three scenarios implemented for this study are described below.
• No Policy (Reference) scenario: no climate mitigation policy exists and forest owners only receive revenue from timber market. Under this scenario carbon price and rental value are equal to zero.
• Traditional Policy, C Sequestration scenario: forest owners are compensated by annual rents for providing annual carbon storage services and, at harvest, they are paid the carbon price for carbon stored permanently in wood products and they receive revenue from timber market. Under this policy albedo is equal to zero.
• 
Results
This section presents global results from the dynamic analysis using the Global Timber Model (GTM) in combination with the optimal global carbon price paths from DICE-2013 R 3 (Nordhaus, 2014 Traditional Policy (net). Our results show that for all the carbon prices tested a policy that ignores the albedo consequences of forest-based activities underestimates marginal costs (Fig. 1) . For carbon prices below $150, the forestry sector delivers 2-104 Gt of carbon in forested ecosystems, but when albedo effects are included, net mitigation potential is less than 29 GtC-eq. For carbon prices of 150-400 $/tC, the mitigation potential is 4 The carbon price paths are estimated changing the damage function coefficients or delaying climate damages in the GAMS version of DICE-2013R (Nordahus, 2014).
57-84% lower than what is estimated without albedo. Finally, for carbon prices higher than 400 $/tC the mitigation potential is 50-55% lower when the albedo is included in the estimates.
Second, by comparing the net mitigation of the Traditional Policy with the net mitigation of the Integrative Policy, results show that the Integrative Policy is cheaper, or more efficient, than a policy that does not include albedo in the pricing formula. To attain net mitigation of around 100 GtC-eq will cost 20-26% more if the pricing formula ignores albedo, calculated by comparing the vertical difference (a-b) between the Traditional Policy (net) curve and the Integrative Policy curve in Figure 1 . Furthermore, at the global level, the Integrative Policy requires less land to be converted to forestland for the same level of net mitigation, and thus is less intrusive than the Traditional Policy. For instance, to achieve a net mitigation of 100 GtC-eq, it will require 740 million hectares (Mha) more if the pricing formula ignores albedo (Figure 2 ). (Figure 3f ). Africa differs because the reference land cover types (cropland and bareland) have a very high albedo with respect to the same land cover types in other tropical regions (Fuller and Ottke, 2002) . Therefore, the variation of albedo with respect to mature forestland in this region is particularly high.
Moreover, the incoming solar radiation of Africa is slightly higher than other tropical regions. 
Conclusion
We present the first global economic analysis of forests climate mitigation potential that takes account of the combined effects of timber production, carbon sequestration, and surface albedo regulation. By introducing regional and forest-specific albedo information from MODIS satellite observations in the global dynamic forestry model GTM, we compare a novel approach that values both carbon sequestration and changes in albedo (Integrative Policy) in terms of their effects on net forest climate mitigation potential, with a traditional forest sequestration program (Traditional Policy).
To estimate the effect albedo on the marginal costs of forest mitigation, we implement a global dynamic analysis by simulating the Traditional Policy and the Integrative Policy under the optimal carbon price path from DICE using the global timber model GTM. Results under the Traditional Policy scenario are in the range of estimates from previous studies: under a carbon price path starting at 57 $/tC in 2010 and reaching 540 $/tC in 2100, global forest sequestration program could capture 298 GtC-eq by 2100 (about 3.3 GtC-eq/yr).
Previous studies, however, have not included the albedo effect of forest actions and thus underestimated the mitigation costs.
Ignoring the albedo effect produces an inefficient allocation of resources. Under the Traditional Policy scenario, C-eq albedo increases by 137 GtC-eq relative to the No Policy scenario, thus producing a net mitigation potential of only 161 GtC-eq by 2100 with a conversion of 2,464 Mha of land to forestland by the same year. One possible policy approach to address this issue is to ignore forest-based mitigation activities in the areas where the associated changes in albedo are large. For instance, in a new study, Griscom et al.
(2017) excluded all land-based mitigation actions in boreal areas because of the significant albedo effect.
However, this approach does not explore cost-effective mitigation solutions in boreal regions, and also ignores the possible albedo effect of forest-based actions in other regions (e.g. Africa).
By incorporating both carbon sequestration and albedo into pricing (Integrative Policy), the program reallocates forests and management to mitigate the effects of albedo. Under this policy, net mitigation potential is 190 GtC-eq by the end of the century (about 2.1 GtC-eq/yr) and only 1,557 Mha of land converted to forest.
We also calculated marginal cost functions for carbon sequestration with the global dynamic model, and found that ignoring albedo has striking impact on global costs. A traditional policy that ignores albedo and pays only for the carbon will be 70% less efficient at low carbon prices, and 50% less efficient at the highest carbon prices. Policies that incorporate albedo effects directly into the valuation function can reduce some of this inefficiency by shifting mitigation towards regions and activities that are less susceptible to albedo change effects. Forest mitigation costs were found to vary significantly across world regions. Under the Integrative Policy scenario, mitigation becomes much more expensive in Canada, Russia and Africa while it remains almost unchanged in the other areas. Our study provides further evidence about the regional differences in mitigation costs, as shown in other studies (e.g., Kindermann et al., 2008) .
There remain some important topics to study in this field. First, our results show that it might be more costeffective to do more climate mitigation in other sectors (e.g. energy) than in the forestry sector. Future research should link the forestry model with albedo to an integrated assessment model to assess the implications of pricing albedo on the mitigation potential of other sectors. Second, this study did not include wood demand for energy production in the forestry model. The fact that increasing demand for woody biomass is predicted to expand in particular temperate forests under climate mitigation scenarios is likely to affect the surface albedo and be affected by a pricing Integrative Policy. Third, climate change effects on the growth of forests around the world and to fire risk could alter these results. Future research should integrate climate change effects into the assessment of the optimal use of forested lands for climate change mitigation.
